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Selective fasciculation, in which axons navigate toward their targets along preexisting ‘‘pioneer’’ axons,
requires specific cell-cell contacts to ensure proper target innervation. In this issue of Developmental Cell,
Hayashi et al. (2014) show that the adhesion molecule Protocadherin-17 regulates selective fasciculation
by promoting growth, rather than adhesion, of amygdala axons.A prerequisite for multicellular life is that
cells adhere to other cells in a highly spe-
cificmanner. This is necessary for the con-
struction of complex organs and tissues,
and simple ‘‘stickiness’’ is not sufficient
to ensure proper organogenesis, in which
cell-cell contacts elicit signaling cascades
that regulate cellular behavior. This is no
different in the developing nervous system,
where specific cell-cell adhesion has been
recognized as a fundamental mechanism
in neuronal wiring. The ‘‘labeled-pathway
hypothesis’’ proposes that, in the ventral
nerve cord of insects, robust neural con-
nections are first established by ‘‘pioneer’’
axons that navigate a complex cellular
milieu to find their targets. ‘‘Follower’’
axons then adhere to and follow along
these specific pioneer tracts in a process
termed ‘‘selective fasciculation,’’ which re-
lies on a code of cell adhesion molecules
(Raper et al., 1983). After experimental
ablation of the pioneer neurons, follower
axons are unable to contact their appro-
priate targets. While the labeled pathway
hypothesis sufficiently explained axon
pathfinding in insects, vertebrate axons
display more complex behaviors. In this
issue of Developmental Cell, Hayashi
et al. (2014) show that the cell adhesion
molecule Protocadherin-17 regulates se-
lective fasciculation in mammalian axons
by promoting growth, rather than cell-cell
adhesion.
In zebrafish, ablation of pioneer axons
does not permanently disrupt axon guid-
ance, but rather results in a delay in
proper innervation as follower axons
switch their role and serve as pioneers
(Pike et al., 1992). Furthermore, in higher
vertebrates some types of axons are
capable of pathfinding without the need
for pioneer axons (Stoeckli and Land-messer, 1995). Still, axon fasciculation
does play a role in neural circuit forma-
tion, as correct branching of motor axons
in chick hindlimb muscles was shown
to require a balance between adhesion
and defasciculation (Tang et al., 1994).
Furthermore, these studies also indicated
that cell adhesion molecules contribute
actively to growth cone steering by elicit-
ing intracellular signaling (Tessier-Lavigne
and Goodman, 1996). More recently, the
concept of selective axon fasciculation
in neural circuit formation was rediscov-
ered in the mammalian olfactory system
(Miller et al., 2010; Imai et al., 2009). How-
ever, in this case, axon fasciculation was
not driven by cell adhesion molecules,
but by axon guidance molecules of the
Semaphorin and Neuropilin family, as
well as Robo2, which generally function
in cell repulsion. These are thought to
activate a signaling pathway that results
in changes in growth direction to avoid
the source of repulsive signals. Therefore,
axons would be driven into fascicles by a
repulsive environment. In contrast, regu-
lation of selective axon-axon interactions
by cell adhesion molecules has been
thought to be a passive process, rather
than depending upon active signaling
mechanisms, and the cadherin family is
thought to represent the glue that makes
cells stick to each other (Sotomayor
et al., 2014).
The findings of Hayashi and colleagues
(2014) provide experimental evidence for
a sophisticated role of protocadherins in
neural circuit formation beyond cell adhe-
sion. They provide evidence that Proto-
cadherin-17 (Pcdh-17) actively recruits
regulators of cytoskeletal dynamics to
the cell surface at cell-cell contact sites
to induce persistent cell motility. The au-Developmental Cell 30, Sethors looked at axonal projections from
the amygdala to the hypothalamus in
Pcdh-17 knockout animals and found
that the cell number and architecture of
the amygdala was not changed. How-
ever, the fiber bundle that projects from
the amygdala to the hypothalamus was
found to be much smaller, suggesting
that axons did not reach their appropriate
targets. Indeed, detailed analyses of
axonal projections revealed that axonal
sorting along this trajectory was per-
turbed. The authors then used time-lapse
imaging of cultured amygdala explants to
analyze the molecular basis of Pcdh17
function in axon-axon interactions. They
observed a failure of Pcdh17 mutant
axons to appropriately extend axons and
further demonstrated that homotypic
axonal contacts between mutant axons
led to disrupted migration and growth
cone collapse. Thus, the absence of
Pcdh17 inmedial amygdala axons disrup-
ted axon-axon contacts and prevented
growth along other medial amygdala
axons but had no effect on contact of
these mutant neurons, which normally ex-
press Pcdh17, with axons that do not nor-
mally express this specific protocadherin.
Consistently, Hayashi et al. (2014) found
that overexpression of Pcdh17 in vivo led
to defects in axon targeting. Although
gain-of-function experiments have to be
analyzed with caution, neurons overex-
pressing Pcdh17 were found to project
their axons to an inappropriate location
in the hypothalamus and displaced axons
that normally target this location. It is not
yet clear whether this is due to the failure
of these axons to correctly sort within
the fiber bundle or whether the overex-
pression of Pcdh17 changes axonal inter-
action with the target area. Overall, theseptember 29, 2014 ª2014 Elsevier Inc. 643
Figure 1. Growth Cones Expressing Pcdh17 Extend Preferentially along Axon Bundles
Expressing Pcdh17
(A) When a growth cone expressing Pcdh17 contacts a homotypic axon that also expresses Pcdh17, the
resulting Pcdh17 clustering stably recruits Nap1, a component of the WAVE complex (red). Via Abi1,
another component of the WAVE complex, Lamellipodin (yellow) and Ena/VASP (green) are recruited to
the contact site, providing a stable link to the actin cytoskeleton and resulting in sustained growth along
the Pcdh17-positive axon bundle. (B) In contrast, when contacting a heterotypic axon not expressing
Pcdh17, a Pcdh17-positive growth cone will remain motile, but its growth will not be directed, because
in the absence of Pcdh17 clusters the recruitment of Nap1 and other components of the WAVE complex
is not continuous. Thus, no stable link to the actin cytoskeleton is established, and directional growth is not
initiated.
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that Pcdh17-expressing fibers prefer to
grow along homotypic axons.
The authors then examined the roles
of the intracellular domains of Pcdh17
in mediating axon-axon contact-induced
growth. They demonstrated that Pcdh17
recruited Nap1, a component of the
actin-polymerizing WAVE complex, to
sites of axon-axon contact through direct
interactions with two sites on the intracel-
lular part of Pcdh17. Pcdh17 was also
found to recruit other complexes involved
in cellular migration, including Lamellipo-
din and the Ena/VASP complex, to cell-
cell contact sites via the WAVE complex
component Abi1. In cultured cell lines644 Developmental Cell 30, September 29, 20overexpressing Pcdh17, the authors iden-
tified downstream signaling cascades
activated by homophilic Pcdh17 interac-
tions that led to sustained cell motility
via the regulation of cytoskeletal dynamics
at contact sites. In the absence of homo-
philic Pcdh17 interactions, cells were still
able to form membrane protrusions but
did not give rise to directed growth
(Figure 1).
Overall, the authors convincingly de-
monstrated that at least one protocad-
herin, Pcdh17, plays significant roles dur-
ing brain development beyond acting as
a simple molecular ‘‘glue.’’ Pcdh17 is a
regulator of axonal pathfinding and cell
motility that actively promotes movement,14 ª2014 Elsevier Inc.thus providing a molecular explanation of
how selective homotypic axon-axon con-
tacts during neural circuit formation can
support axonal pathfinding. It remains to
be seen whether this active role in sup-
porting axon growth is unique to Pcdh17
or whether other protocadherins have a
similar function. Other work from the
Takeichi group suggests that this may be
the case, as they have previously found a
lack of growth of striatal axons in the
absence of Pcdh10, and they also showed
that Pcdh10 interactswith theWAVE com-
plex component Nap1 (Nakao et al., 2008;
Uemura et al., 2007). Future work will
delineate if and how other protocadherins,
and other molecules generally thought to
play a role solely as cell-cell adhesionmol-
ecules, act to regulate axonal pathfinding
during neural development.REFERENCES
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